The SMOS satellite mission, launched in 2009, allows global soil moisture estimations to be made using the L-band Microwave Emission of the Biosphere (L-MEB) model, which simulates the L-band microwave emissions produced by the soil-vegetation layer. This model was calibrated using various sources of in situ and airborne data. In the present study, we propose to evaluate the L-MEB model on the basis of a large set of airborne data, recorded by the CAROLS radiometer during the course of 20 flights made over South West France (the SMOSMANIA site), and supported by simultaneous soil moisture measurements, made in 2009 and 2010. In terms of volumetric soil moisture, the retrieval accuracy achieved with the L-MEB model, with two default roughness parameters, ranges between 8% and 13%. Local calibrations of the roughness parameter, using data from the 2009 flights for different areas of the site, allowed an accuracy of
Introduction
Over recent decades, L-band passive microwave measurements have demonstrated their strong potential for the estimation of soil moisture. Various experimental campaigns have been organized, using towers [1] [2] [3] or airborne measurements [4, 5] , in order to develop inversion algorithms making use of brightness temperature observations. Simultaneously, a radiative transfer model has been proposed to simulate the microwave emission of bare soils and soils with vegetation cover [6] . These were tested and calibrated over agricultural test fields in Europe and the United States.
SMOS, which is the first satellite mission to use L-band passive observations for the retrieval of soil moisture, was launched in November 2009. The L2 processor for soil moisture estimations is based on the L-band Microwave Emission of the Biosphere (L-MEB) model [6, 7] . This model has been validated for different types of crops, using in situ and airborne radiometer databases [7, 8] . It has been tested on different types of soil conditions, such as wheat fields, grass-covered surfaces, forest areas, frozen conditions [9] [10] [11] [12] . Despite various improvements which have been proposed in terms of emissivity modeling, the roughness, which has a strong impact on soil moisture retrieval accuracy [13] [14] [15] , still remains relatively poorly known: Wigneron et al. [16] considered the roughness parameter, defined by the slope between the rms (root mean square) height and the correlation length. In [11] , authors considered the soil roughness to depend on soil moisture. Although these relationships are generally known to vary from one crop to another [8] , only a limited number of studies discussed the application and validation of radiometric measurements under heterogeneous conditions prior to the launch of the SMOS mission in 2009.
In the context of the preparation and validation of the SMOS mission, a large number of airborne flights were organized in 2009 and 2010, over the South West of France (SMOSMANIA site), using the CAROLS (Cooperative Airborne Radiometer for Ocean and Land Studies) L-band radiometer. Details of these campaigns are presented in the paper of Zribi et al. [17] . The CAROLS dataset was previously used by Albergel et al. [18] , by applying empirical algorithms to estimate soil moisture values, which were then used to validate the SMOS 'Tb' (Brightness temperature) values. These estimations demonstrated that radiometric measurements have a good sensitivity to surface moisture, since the 'RMSE' (Root Mean Square Error) between the estimated and measured 'SM' (Soil Moisture) values was approximately 0.06 m 3 /m 3 , with significant correlations.
The aim of the present paper is to evaluate the L-MEB model under heterogeneous conditions, with different types of parameterization, using only CAROLS airborne measurements. We tested a two-parameter inversion procedure retrieving both soil moisture and optical thickness simultaneously. In Section 2, we describe the proposed database used in our analysis. In Section 3, we present the L-MEB model, and in Section 4 we analyze the performance of the L-MEB model inversion, when it is applied over the studied site, using CAROLS data. We provide detailed results for three types of application, based on different roughness parameter hypotheses. Our conclusions are presented in Section 5.
CAROLS Database

CAROLS Radiometer
In 2007, a fully polarimetric radiometer was built, as a copy of the EMIRAD II radiometer, in the context of a collaborative project between the Technical University of Denmark (DTU) and the "Laboratoire Atmosphères, Milieux, Observations Spatiales" (LATMOS) in France.
The CAROLS radiometer has been validated and qualified by means of laboratory measurements and, in particular, has excellent stability and resolution characteristics. The laboratory measurements have shown that this radiometer has a sensitivity of 0.1 K for an integration time of 1 s, and a relative stability of 0.1 K over a period of 30 min. Two preliminary campaigns were then carried out in 2007 and 2008. They allowed CAROLS, installed in conjunction with other airborne instruments (STORM radar, GOLD-RTR GPS receiver, an infra-red radiometer, and a visible wide angle camera), to be certified for use in the French ATR-42 research aircraft. The airborne measurements confirmed that the CAROLS data has a good sensitivity, and is in good agreement with the emissivity model over the ocean.
In the aircraft, CAROLS is connected, by means of 4 cables, to two antennas pointed to nadir and to the right side of the aircraft (the slant antenna). The exact location and orientation of the two antennas, inside the aircraft, is determined for each campaign. During each flight, the radiometer switches from one antenna to the other, at a frequency which varies according to the target and the aircraft's altitude. In order to ensure that the radiometer is operated under stable and accurate conditions, various calibration steps were implemented, as briefly described in the following:
• The radiometer is initially calibrated by means of laboratory measurements: we estimated the CAROLS internal noise source temperature "Ndiode" and cable losses, and validated its stability and accuracy.
• During the flights, automatic calibrations were performed by regularly switching the radiometer, between two antennas and an internal source. The proposed calibration [17] is based on a load target (maintained at a temperature Tload) and an additional signal in the form of a noise source (Ndiode).
• The calibration of antenna losses is validated using the ocean as a target. By choosing an area in which the salinity, temperature and wind speed are well known and stable (basically, far from the coast), we are able to accurately estimate the sea surface brightness temperature.
The quality of the resulting brightness temperature dataset was validated and used in several studies dealing with sea surface salinity [19] as well as soil moisture estimations [18] . In [20] , it was also shown that strong Radio Frequency Interference (RFI) had polluted a large number of measurements in both polarizations, made with both antennas. Different methodologies have been proposed to mitigate data corrupted with RFI. In the present study, an optimal mask, based on Tb threshold measurements and the statistical Kurtosis parameter, was applied. Moreover, the data was analyzed in detail in order to eliminate measurements corresponding to land with any significant water coverage and urban areas.
Following validation of the CAROLS data recorded in 2007 and 2008, two further campaigns were implemented, with the first of these being made in May 2009, to acquire scientific data for the inversion algorithm, which was then used to provide soil moisture and ocean salinity estimations. The second campaign was spread over a period of three months (April-June 2010), with, as principal objective, the validation of SMOS observations.
CAROLS 2009-2010 Flights
During the first 2009 campaign, 13 flights were conducted during the spring (April and May). They covered three studied sites: the SMOSMANIA site, the VAS site near to Valencia, Spain, and finally the Gulf of Biscay for ocean measurements. For each flight, the French ATR42 research aircraft took off from the Francazal military base in Toulouse. For the four SMOSMANIA flights, various different sites (from Toulouse to the Atlantic Ocean) were overflown, at a generally stable above-ground altitude of 2,000 m. Only over the Nezer forest, towards the western edge of the site, were the measurements carried out at a lower altitude of 600 m. As described in the previous section, the CAROLS measurements provide dual-incidence data, since the radiometer was operated with two antennas, one being pointed to nadir for vertical measurements, and the other being pointed towards the right side of the aircraft (slant antenna), at an incidence angle of approximately 30°. Several months after the launch of SMOS, we began a new campaign, for the purposes of calibrating and validating the SMOS radiometer. Twenty-four flights were made, of which 20 were specifically dedicated to SM monitoring purposes, over the SMOSMANIA site [17] .
As mentioned in introduction, the analyses of this paper are based only on CAROLS measurements realized over SMOSMANIA site. Figure 1 illustrates the flight path across South West France, and the location of the SMOSMANIA ground moisture stations. It should be noted that all of the line airborne measurements were made in both directions, in order to determine the brightness temperature of each point at two different incidence angles.
Studied Site and Ground Measurements
During the flights, various automatic and handmade measurements were carried out on the ground: SM and soil temperature (ST) were estimated every 30 min, using respectively ThetaProbe (ThetaProbe ML2X of Delta-T Devices©) and PT100 sensors installed at the 12 automatic SMOSMANIA stations [21, 22] . These measurements were made at four depths (5, 10, 20 and 30 cm). In the present study, we use only the surface measurements at a depth of 5 cm. All the ThetaProbe data were calibrated using gravimetric measurements. It is important to note that the stations were not located directly below the flight path: the most distant station (URG) was 42 km from the flight line, whereas the closest station was located at a distance of 600 m from the flight line.
In addition to the SMOSMANIA sites providing continuous measurements, specific test fields were chosen in 2009 and 2010, for the purpose of in situ handmade gravimetric and ThetaProbe SM measurements, simultaneously to CAROLS flights.
As an illustration of the SMOSMANIA soil moisture data, in Figure 2 For the purposes of the present study, we first selected 7 stations located close to the flight path: NBN, LZC, MNT, CRD, LHS, SBR, and PRG. However, it was found that the PRG station was located too close to portions of the flights most affected by RFI, and the LZC station was affected by technical problems in 2009 and 2010. These two stations were not considered in our study. We thus consider that reliable measurements were made at the remaining five stations.
Auxiliary Data Base
-Ecoclimap database: In order to estimate Tb values along the flight path, it is necessary to compute the soil emissivity, which depends on the soil's structure and dry bulk density. Clay, sand and loam percentages, together with bulk densities, were extracted from the ECOclimap database [23] , which provides samples of these parameters at 1 km intervals.
-The Normalized Difference Vegetation Index (NDVI) from MODIS: Blue, red, and near-infrared reflectances, centred at 469 nm, 645 nm, and 858 nm, respectively, were used to determine the MODIS daily vegetation indices, i.e., the NDVI. We used estimated values, at the 16 day frequency of the AQUA and TERRA satellites, and a resolution of 500 m. Details documenting the MODIS NDVI compositing process and Quality -Assessment Science Data Sets (QASDS) can be found at NASA's MODIS web site [24] .
The L-MEB Model
Direct Radiative Transfer Model
The model used in the present paper is based on the L-band Microwave Emission of the Biosphere model (L-MEB), described in [7] . It includes the τ-ω formulation, which expresses the polarized brightness temperature (T b ) as a function of incidence angle, soil effective temperature, soil emissivity and nadir optical depth (τ), and the single-scattering albedo (ω) of the canopy [25] .
The soil microwave emissivity is computed using the incidence angle, the Fresnel equations and the dielectric permittivity of the soil computed from the Dobson model [26] as presented in Equation (1) . The soil roughness is accounted for using the Wang and Choudhury model [27] , based on two parameters, H r and Q. The Q parameter value is generally set to zero, and the H r parameter needs to be estimated [5] . The equation describing the soil brightness temperature is the following:
where r s,p,θ is the soil (S) specular reflectivity at p polarization, R S,p,θ is soil reflectivity equal to 
−
, N is a power over the cosine factor, usually considered to be 1 and θ is the incidence angle. The soil effective temperature T eff was computed on the basis of the parameterization described in [16] , as described in the following Equation (2) In this equation, the soil temperature of the surface layer (0-5 cm) should be known (T surf ), as should the deep soil (50 cm) temperature (T depth ). An infrared radiometer is a part of the standard equipment of the research ATR42. It is used to provide surface temperature estimations, simultaneously with the CAROLS measurements. SMOSMANIA continuous measurements provide the deep soil temperature values. The gradient of the temperature effect was assumed to be minimal, and we assumed that the vegetation temperature was equal to that of the surface, as estimated using the infrared temperature. The complete equation, taking the vegetation effect into account, can be written as follows:
where T v is the vegetation physical temperature, supposed to be closed to the soil temperature T eff , and γ is the vegetation attenuation factor, which is linked to the optical depth τ at nadir:
where τ NAD is the optical depth at nadir.
For the purposes of radiometric modelling, we estimated the clay, sand and loam percentages, as well as the soil density at the surface, using the ECOCLIMAP database [23] . Since an estimation of the deep soil temperature was also needed, we used in situ T measurements made at the SMOSMANIA sites, at depths of 50 cm.
Model Inversion
In order to estimate the values of the unknown variables, SM and τ NAD (soil roughness was then supposed to be known under different hypothesis), we used a simple Gauss-Marquardt algorithm, based on nonlinear regression [10, 28] . This algorithm uses the computation of a modified least squares cost function (Equation (5)), with the possibility of constraining the retrieved parameters:
where σ Tb is the standard deviation associated with the brightness temperatures, p i is the value of the parameters (retrieved or known), 
Results and Discussions
Soil Moisture Retrieval with One Roughness L-MEB Default Parameter
In this section, we consider the case of two default roughness parameter formulations applied to all SMOSMANIA sites. The first of these was proposed by [10] , corresponding to a constant value of 0.5. The second parameter is that proposed in [11] , i.e., H r = 1.3 − 1.13 SM. Figure 3 provides a comparison between the estimated volumetric soil moisture values and ground measurements, for each case. Each point corresponds to a measurement taken near to one ThetaProbe ground station of the SMOSMANIA network. For the first roughness value, we compute an rms error of 13% and a correlation coefficient R 2 equal to 0.3. Similarly, for the second roughness formulation,
we find values of 8% and 0.68, respectively (Table 2) . These results illustrate the limitations of this global analysis with the consideration of two fixed roughness formulations, for the determination of accurate soil moisture values.
Soil Moisture Retrieval with Local Calibration of the Roughness Parameter
In this section, we propose to retrieve just one calibrated roughness parameter for each ground station area. We used the data from the 2009 campaigns (airborne data, ground soil moisture measurements) to retrieve the H r roughness parameters for each site. Table 3 lists the H r values, retrieved over the different SMOSMANIA station areas. The variations in the roughness parameter can be clearly seen (ranged between 0.7 and 1.7). These values were introduced into the inversion approach, and applied to the data measured during the 2010 flights, in order to retrieve soil moisture. Figure 4 show a comparison between the ground measurements with the retrieved soil moisture estimations. We found an rms error of 5.3%, and a correlation coefficient (R 2 ) of 0.92. This result
shows that the accuracy of soil moisture retrieval can be improved, through calibration of the local roughness values. 
Retrieval of Temporal Variations in Soil Moisture
The two previous sections highlight the importance of local roughness calibrations to ensure that accurate soil moisture estimations are made. In this section, we propose to limit the roughness effect, and to analyze relative soil moisture variations as a function of time only. For these calculations, we consider a fixed roughness parameter relationship H r = 1.3 − 1.13 SM, which remains the same over all the studied areas. We simply compute the SM difference with respect to the values determined on the first date (28 April 2009). In Figure 5 we present the results computed for all flights. We thus determine a relative rms error of 6% in the retrieved value of volumetric moisture variations, which is better than that computed for the absolute SM estimations. This good degree of coherence between the remote estimations and the ground measurements suggests that this approach, in which the roughness parameter's influence on the solution is reduced, can be used to improve the overall accuracy of the retrieved soil moisture. 
Estimation of the Optical Thickness of Vegetation
Conclusions
In this study, we have evaluated the L-MEB model, used for soil moisture retrieval, as proposed for the SMOS level 2 processor. Our study is based on airborne measurements made with the CAROLS radiometer, at an altitude of 2,000 m, which introduce heterogeneity conditions in areas covered by ground measurements. SM is retrieved with an accuracy of 8%, or 13% when we use a unique parameterization for the roughness to describe all the studied areas: respectively H r = 1.3 − 1.13 SM and H r = 0.5. This outcome demonstrates the limitations of such a hypothesis. When a specific roughness parameter calibration is used for each site, the L-MEB produces results with a greater accuracy, corresponding to an rms error of 5.3%. In this case, the calibration was carried out using the data from the flights of 2009 (4 flights), while validation was made with 2010 data (20 flights). Simultaneously, this inversion approach showed a high coherency between optical thickness retrievals and NDVI vegetation index estimated using MODIS satellite.
In order to limit the influence of the roughness effect, we propose to analyze the relative temporal variations of SM. We consider only one global roughness parameter in our computation. We can estimate the temporal variations in soil moisture for the two campaigns, held in 2009 and 2010, for the same sites with respect to the values determined on the first date. In this case, the estimations are made with a good accuracy, showing an rms error of 6%. If we consider the SM absolute value as known on the first measurement date (from ground measurement or other satellite sources), we can retrieve absolute SM values for all studied dates. This relative approach could be very useful, particularly for the inversion of SMOS data over specific sites with limited knowledge about roughness.
